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NOMENCLATURE

Simple Latin Letter Symbols

Symbol
A, B
A

2 h W) Q o

[

= BB R v

Quantity

Constants

When subscripted, A refers to
an area

Orifice cross sectional area
Specific heat

Diameter

Darcy-Weisbach friction factor

Mass velocity (flow rate per
unit flow area)

Acceleration due to gravity
Heat transfer coefficlent

Conversion factor (mechanical
equivalent of heat)

Slip ratio (K = Vg/V¢)
Thermal conductivity
Length

Pressure

Rate of heat transfer

Thermal resistance
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Units

Dimensionless
12

£t

O
Btu/1b ~F
ft

Dimensionless

b _/br-£t°

4.17 x 10° £t/hr?

2 0

Btu/hr-ft° °F

778 ft—lbf/Btu

Dimensionless
Btu/hr-ft UF
£t

2
1bf/ft
Btu/hr

Hr-£t° °F/Btu




Simple Latin

Nomenclature (Continued)

Letter Symbols (Continued)

Symbol

= < d o3

e

Quantity

Overall heat transfer coefficient
Velocity
Flow rate

Flowing quality

Composite Latin Letter Symbols

Symbol

Dp

Lp

Quantity

Condenser diameter (50 KW
facility)

Distance between the end of the
inlet thermocouple probe and the
beginning of the condenser (50
KW Facility)

Peclet Number

Reynolds Number

Conversion factor

Pitch to Diameter Ratio
Liquid fraction Rf = Af/A

Void fraction Rg = Ag/A

Flow Coefficient

Density

Dynamic viscosity

Kinematic viscosity
APppg/AP,

Mass flow rate of liquid per

unit circumference -~ _ (1-x)W
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Units
Op

2 oF

Btu/hr-ft
ft/hr
lbf/hr

Dimensionless

Units

ft

ft

Dimensionless
Dimensionless

4,17 x 10

Dimensionless
Dimensionless

Dimensionless

Dimensionless
b, /110
lbm/hr-ft
£t2/hr
Dimensionless

1o, /nr-ft

8 ft-lbm
1bf-hre



Nomenclature (Continued)

Simple Greek Letter Symbols (Continued)

Symbol
a}

Subscripts

Symbol
B

C

€q

+H

= gi =

OB
OL
TPF
Si

sSat

Quantity Units
Angle of pipe axis with the Radians
horizontal
Shear Stress 1b,/1t°
Quantity
Bolling

Corrected or condensing

Equivalent (for example Deq = 4 x Cross Sectional Area)
Wetted Perimeter

Refers to liquid phase
Refers to vapor phase
Inlet

Inside or inlet
Potassium

Potassium and Wall
Ligquid

Refers to the station at the condenser exit (50 KW
facility)

Sodium

Outside, outlet

Overall Bolling

Overall ligquid-liquid

Two~phase frictlon

Refers to the inside diameter of an annular shell
Saturated state

Wall
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Nomenclature (Continued)

Special Symbols

Symbol Description

—_ Indicates an average value

/N Indicates a weighted average
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I. SUMMARY

F. E. Tlppets

Thils program 1ls being conducted for the National Aeronautics
and Space Administration under Contract NAS 3-2528 to obtain
two-phase heat transfer and fluid flow data for potassium under
conditions of bolling and condensing approximating those anti-
clpated in large space turbo-electric power systems. Test equip-
ment development, materials studies and theoretical analysils
related to the experimental work are conducted as a support
effort. The followlng items summarize the work performed during

the quarter ending September 30, 1964,

300 KW Project

Testing in the 300 KW loop at bolling potassium temperatures
up to 1TOOOF with helical inserts of both 2-inch pitch and 5.5-~inch
pitch in a l-inch nominal diameter tube was completed this quarter.

‘All of the data taken with the 2-inch pitch insert, comprised of 18

N 3 . -

ilguid-1liquid runs and 92 “

"+ o e rarnemted haoma M o
ng rurs, arc reporvea nerelll. 111€

Fle

olll
data obtained with the 5.5-inch pitch Insert, comprised of approxi-
mately 65 boiling runs and 10 liquid-liquid runs, are being reduced
and will be reported during the next quarter. {The data obtained

show the helical insert to be very effective in extending the

-1~



nucleate boiling regime to high qualities and thus increasing heat
transfer performance. For several of the runs superheated vapor

conditions were obtained at the test section exit.)

The next series of tests will be with a 3/U4-inch nominal dia-
meter tube containing a helical insert of 4-inch pitch. The new
test boiler for these tests has been assembled and installed in

the loop and test operation should begin early in October.

100 KW Project

!Modification of the 100 KW loop, to increase the range and
control of experimental variables, was completed and shake down
operation started in mid-August. Further development work on the
radiant heater for the preboiler resulted in a coiled tungsten
wire element design; which is now in use replacing the original
tantalum sheet heater. In addition, a preheater has been installed
upstream of the throttling orifice to permit controlled flashing of
the fluid at the orifice in order to thereby extend the ra;ge of

stable operation.

A total of 23 stable boiling heat transfer data points were
obtained during the shake down period this quarter, using a 3/U4-inch
nominal diameter tube and covering a range of temperatures up to
about 18BOOF and vapor qualities up to about 50%. These data are
reported\herein, together with various calibration data for the
loop and a few previously unreported liquid sodium heat transfer

data points.




Testing with the 3/4-inch smooth tube will continue in the
next quarter. Planned test conditions include temperatures up

to 2100°F and vapor qualities up to about 90%.

50 KW Project

beollowing installation of a new helical induction pump, the
50 KW loop was operated briefly in July with the originally installed

slotted and brazed ftest section. Recurrent plugging problems in

" the potassium loop necessitated shutdown, during which a number of

modifications were made to 1lmprove the loop operability and a new

test section was installed.

Subsequent operation near the end of the quarter resulted in
completion of planned tests with the 5/8-inch ID smooth tube test
section., A total of approximately 75 condensing data points were
obtained in this geometry with saturated vapor at the test section
inlet for temperatures up to 1450°F. The portion of these data
taken early in the quarter are presented herein. The balance of
the data, taken in September, are being reduced and will be reported

during the next quarter.

A twisted ribbon insert has been installed in the 5/8-inch ID

I SR T S ST DU S, 1 B S S S ol e TR W |
Les L BSEeCULLOIl Lo ulle [HeXULU serl'les UL vebus, WILLICIL sShnoudu

early 1ln October.



Facilities, Instrumentation and Materials Support

Accountings of supporting work conducted throughout the quarter
in the areas of faclilities maintenance and repair, instrumentation,

and materials are given in Sections V, VI and VII, regpectively.

Analysis

The feasibility of determining local static pressure 1in two-phase
potassium flow by use of thermocouples in conjunction with published
saturation pressure-temperature data was investigated using data
from the 300 KW facility. As is shown in Section VIII, the method

apparently gives good accuracye.

Pool Boiling Investigation

Development of a leak in the pool boiling test apparatus pre-

vented experimental work this quarter.




II, 300 KW PROJECT
J. R, Peterson/D. R. Ferguson

The 300 KW facility is used to obtain potassium boililing and
condensing heat transfer data. Both the bolling and condensing
test sections are controlled temperature. types, i.e., the temp-
eratures of the heat transfer flulds rather than heat flux are
controlled. Reference 1 presents a detailed description of the

facility.

Both liquid-liquid and boiling data were obtalned during this
reporting period with the 1.0-inch nominal diameter 1L-605 boiler
tube containing 2.0-inch and 5.5-inch pitch helical inserts. All
of the data obtained with the\Q.O—inch pitch insert are reported
herein. Eighteen 1liquid-liquid and 92 boiling runs are reported.
Approximately 65 boiling and 10 liguid-liquid runs were obtalned
with the 5.5-inch pitch insert during this reporting period. These
data are being reduced and will be reported later. Five hundred
and seventy-seven hours of loop operation were accumulated this
quarter, including %98 hours in boiling. The total loop operalling

time to date is 3424 hours.



Status of Loop and Tegt Section

Testing with the 2-inch pitch helical insert was terminated
July 2, 1964 after the test plan presented in Reference 2 was
satisfactorily completed. A new helical insert, having a pitch
of 5¢5-inches was installed in the boiler tube following completion
of 2-inch pitch testing. Bolling operation with the new insert
commenced July 23, 1964 after delays during start-up due to fallures
of both the dump tank and throttling valve bellows. After completion
of planned boiling runs at 17OOOF and 15500F, an attempt was made to
obtain additional data at 1400°F. This low temperature boiling
operation was placed at the end of the 5.5-inch pitch test program
because of the increased risk of test section failure, due to the
reduced ductility of L-605 at 1400°F and the higher thermal stresses
resulting from the increased temperature difference between the
primary and secondary fluids. Testing was terminated by a boller
bellows failure as the 1400°F tests were started. The failure 1is

discussed in more detail in Section V of this report.

Assembly of the next specified single tube test boiler, a 0.75-
inch OD L-605 boiler tube containing a 4-inch pitch (P/D = 6) helical
insert, is completed and the unit is installed in the facility. Test
operation with this boiler i1s expected to commence early in October
after the flushing operations necessitated by the boiler bellows

failure are completed.

Two modifications have been incorporated into the facility in
order to increase the control of test operation and to decrease the

thermal stresses on the boiler bellows. Approximately 8 KW of

-6-




electrical preheat has been installed in the potassium loop. This
preheat will provide some control of the inlet subcooling and will
be used under severe operating conditions to minimize subcooling
radients and thermal stress in the
bellows region of the boller inlet. In addition, the throtftling
valve at the potassium boller inlet has been modifiled to provide
better flow control, as described in Section V. This valve as mod-
ified can be used to load the potassium pump, thereby heating the
potassium with the pump before entering the boiler and additionally
reducing subcooling. These modifications will be especially useful

in the planned co-current flow tests, which will place greater ther-

mal stresses on the boller bellows at the boiler inlet.

The maximum heat transfer capability of the new test section has
been reduced due to the smaller tube diameter. The new test section
choking and heat transfer limitations have been calculated and are
shown in Figure 1, where the 3/U4-inch and l-inch test section limit-
ations are compared, As indicated on the plot, the maximum attain-
able power has been reduced from 220 KW to 145 KW at 15000F potassium
exit temperature by the change of boller tube diameter. It is emphas-
ized that Figure 1 shows the potential or maximum capabilities since

the potassium heat transfer resistance has been neglected.

Status of Data Reductilion

Boiling data obtained during the period 5/19/64 through T7/2/64
with the 0,92-inch 1D, 0,039-inch wall, L-605 boiler tube containing
the 2-inch pitch helical insert are presented in Table A-2 of Appen-

dix A. The nomenclature for the data tabulation is given in Table A-1

S -7~




of Appendix A. The data presented cover the following range of

variables:
Sodium flow rate, 1b/sec 2.66 - T7.12
Sodium inlet temperature, °F 1225 - 1850
Potassium flow rate, 1b/sec 0.063 -  0.690
Potassium exit temperature, °F 1124 - 1762
Potassium inlet sub-cooling, °F 92 - 4h1
Potassium exit quality, % 2.1 - 129%
Heat transferred, Btu/sec 11.5 - 123.4

The calculation procedures utilized in the data reduction are

summarized in Appendix B.

Status of Data Evaluation

High Performance with the Helical Insert. The boiling data

obtained with the 2-inch pitch helical insert show it to be very
effective in extending the nucleate bolling region to high qualities.
Several data points, in fact, were obtained which showed superheated

vapor at the exit of the boiler tube.

Figures 2 through 5 show the sodium and potassium temperature
profiles, as determined from the boiler shell and insert thermo-
couples, for a set of four runs in which the exit quality calculated
by heat balance increéses sequentially from nominally 100% to about
120%. The sharp rise in potassium temperature near the boiler exit in
Figure 3, 4 and 5 shows that superheated vapor was obtained in these

runs. The drop in temperature from the last insert thermocouple to

*Qualities greater than 100% indicate superheated vapor.
_8_.




the potassium exit well thermocouples in Figure 5 1s due to heat loss
from the boiler hanger. The relatlvely small heat loss results in
significant temperature changes in superheated vapor, due to its

. .
smdll heat capacitye.

The sodium temperature profile shown for thewloo% qualilty run
(Figure 2) shows no abrupt change iﬂ'slope, Indicating that the
entire tube 1s in nucleate bolling. As vapor superheat is produced,
however, a break in the sodium proflle appears, marking the point of
change from the nucleate bolling reglon to the transition bolling
and vapor superheat reglon. The break 1is seen to move progressively
towards the potassium inlet in Figures 3 through 5 as the amount of
vapor superheat is increased. The break in sodium profile does not
occur at the same axial position as the point in the potassium pro-
file indicating the beginning of vapor superheat, thus the change
from nucleate to transition boiling occurs at slightly less than

100% quality.

Figure 6 shows the superheated vapor points obtained with the
2-inch pitch insert plotted on pressure-temperature co-ordinates.
The points falling off the saturation line in the superheated vapor
reglon are runsg for which the calculated gquality is in excess of
100%. Also plotted are those data with exit qualities from 10% to
90%, which fall on the saturation curve as expected. The pressure
plotted was obtained from the boiler exit pressure gage and the
temperature from the insert thermocouple at the potassium exit end

of the boiler tube. The measured saturatlon polnts agree very well

o’

O

03]

with the line drawn, which 1 tained from the recent data of the

Naval Research Laboratories (Ref. 3).
-9~



Liguid Sodium Heat Transfer Coefficient. As discussed in Refer-

ence 4, values of the sodium heat transfer coefficient for the shell-
side of the 300 KW test section are necessary in order to calculate
boiling potassium heat transfer coefficients from the overall coef-

ficients obtained from the measured data.

Lyon (Ref. 5) recommends the following equation for the prediction
of liguid metal heat transfer coefficients in the annulus or shell

side of tubular heat exchangers for ratios of shell ID to tube 0D (_§£)
Do
greater than 1.4,

D_, 0.3 | 0.8
By A (T)‘;") (k/Deq) B + 0.025 (NPe) (1)

The recommended value of A in the above equation is 0.75. The
value of B is 7 for constant heat flux and 5 for constant wall temp-

erature.

The value of A for the 300 KW test section is expected to deviate
somewhat from the value recommended by Lyon, since the experimental
geometry 1s not that of an ideal tubular heat exchanger, due to the
presence of centering pins in the annulus and the effect of sodium
inlet and exit geometry. Furthermore, the proper value of B is not
obvious. A two fluid heat exchanger is neither constant heat flux

or constant wall temperature, although probably closer to the latter.

Due to these uncertainties an analytical procedure was developed
and special ligquid-ligquid runs were obtained in the 300 KW test section

for an attempt to determine the values of A and B experimentally.

-10-




The experiment performed consisted of measufing the overall liquid-
liguid heat transfer coefficient (UOL) as the sodium mass flow rate
was variled, while the potassium flow rate was held constant. The

- - - o P B

experiment was carried out at approximately constant temperature.

The data obtained at 2100 hours on 5/12/64 through 1230 hours on
5/13/64, tabulated in Table A-3 of Appendix A,are the experimental
points obtained under these conditions. The overall liquid-liquid
heat transfer coefficient (UoL) is calculated from the experimental
data as follows, where TKi’ TKo’ ’I‘Nai and TNao are the average potas-

sium and sodium boiler inlet and outlet temperatures respectively,

as given by Table A-3 of Appendix A.

U = = (2)

where
= Welp (Tgy = Tgy) (3)
= (TNai -TKO) (TNao 'TKinz
log Nai Ko
© T —
Nao Ki

The total heat transfer area based upon the boiler tube ID (AB)
for the data treated 1s 1.840 ft2. The overall liquid-liquid heat
transfer coefficients calculated in this manner are shown in Figure
T, plotted versus the sodium Peclet number. Table C-2 of Appendix

C lists the computed values.



The data points at the two highest sodium Peclet numbers are not
given much weight in drawing the smooth line shown. The value of

T "TKo for these points 1s less than BOF, which could introduce

Nai
considerable error in UoL’ since the error in temperature difference

measurements in the 300 KW facility is approximately 1°F.

Liguid-metal heat transfer coefficients are functions only of the
Peclet number, which is a function only of flow rate and temperature.
Under the conditions of the experiment, therefore, the potassium and
tube wall heat transfer coefficients (hKL and hw respectively) are
constant, and only the sodium heat transfer coefficient varies.

Equation (5), following, can therefore be written for the overall

coefficient UoL’ where RKM is a constant.

1 1 1 1 1
oL Bya (Do) by Dy, fyva (Do) K
D3 D;
1

Assuming hNa is given by Egquation (1), the following relation i1s

obtained from Equation (5).

1 Deq /k
T, ~ 0.3 o8 o * Rgy  (6)
A (Zsi) [B + .025 (NPe) (=2
DO D+

From the smooth curve of Figure 7, overall coefficients UOLl and

U i 3 .
oLo can be obtained at sodium Peclet numbers NPel and NPeg‘ Using
Equation (6) above, the constant A can be determined as follows:

Ul _ U1 = — DegéKB 1 1 Aj
olq oL A (2&1) | (29) B+.025(N )0'8 +.025(N )O‘
2 D, Dy Pe " . }% Pe, *i
(7)
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The constant A was obtained from Equation (7) above for both

values of B under conslderation (B =5and B =7). Values of UoL
1

= 1226 and UOL2 = 1608 at NPel = 100 and NPeg = 1000 were obtained

from Figure 7.

The resulting eqdations for hNa are gilven below:

D, 0.3 [ 0.8]

By = 0.6744 (DO ) 5 4+ 0.025 (NPe) (8)
Dsi O-B - 0.87

hy, = 0.4295 (ET”) 7 + 0.025 (Np,) (9)
! 0 L .

The procedureg followed forced Equation (1) to fit the experimental
data at two values of the sodium Peclet number. The best value of B

is the value which best fits the experimental data, that is, which

"gives the least standard deviation in the theoretically constant

RKW‘ The values of RKW for both values of B were computed from the

individual data points using Equations (8), (9) and (6) and are listed
in Table 042 of Appendix C. The resulting percent standard deviation
in RKW for B = 5 is 2.2%, whereas a standard deviation of 2.9% was

obtained for B = 7. The data at the two highest sodium Peclet numbers

were omitted as before. Eqguation (8) is therefore recommended for

.the computation of the sodium heat transfer coefficient in the ACG0 KW

test section.

Using the average value of RKW determined from the B = 5 results
and Equation (5), experimental values of hy  can be computed from
the éxperimental valueg of UoL' The points so obtained are piotted
in Figure 8 and compared with the recommended equation and with Lyon's

prediction. The data fall below Lyon's prediction, but are in good

sgreement with the recommended Equation (8). _13-



Boiling Potagsgium Pressure Drop. The forced convection boilling

potassium pressure drop results obtalned from the 2-inch pitch insert
data are shown in Figures 9 and 10, where the experimental two-phase
multipliers are plotted versus exit quality. Also shown are the
Martinelll and homogeneous model predictions, obtailned from Reference

4, Figures 19 and 20.

The values plotted are listed in Table 7. The experimental pres-
sure drops are obtained from the boller inlet and outlet pressure
gages, corrections for liquid potassium head and momentum pressure
drop being applied. The estimated accuracy of the pressure gages
‘utilized i1s + 0.5 psi. The values of potassium liguid preséure drop
necesgary to calculate the two-phase multipliers were obtalned analy-
tically from measured water pressure drop data as discussed in Refer-
ence 4. A more detailed discussion of the data evaluation procedure

is given in Appendix D of this report.

As can be seen from the figures, the experimental multipliers agree
well with the homogeneous model prediction, falling somewhat lower
* than the Martinelli prediction. Neither prediction 1is valid above
100% exit gquality, thus the experimental points obtained above 100%

exit quality should not be compared with theory.

The experimental frictional pressure drop multipliers are expected
to be somewhat low. The proper slip ratio to employ in the momentum
pressure drop correctlion 1s not known at this time. A slip ratio of
1.0 was used, which is thought to give the highest value to fthe momen-

tum pressure drop.
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As can be seen from Table C-4 of Appendix C, the momentum cor-
rection is approximately 20% of the total pressure drop, thus the

corrected values could be low by this amount.

Boiling Potassium Heat Transfer Coefficients. Overall bolling

heat transfer coefficients have been calculated from the two-inch

‘pitch insert boiling data. The values are listed in Table C-4 of

Appendix C and the calculational procedure is given in Appendix D.

Average boiling potassium heat transfer coefficilents (hK) are
obtained from the overall boiling coefficlents (UoB) ag follows,
where hNa is the sodium coefficient as obtained from Equation (8)

and kw is the thermal conductivity of the boiler tube.

Q
1 1 1 . Dylog, (D;_L)

., - T_- - D 7R
K OB hy, (o) W

Dy

(10)

Using resistance symbols for the three terms on the right side of

Equation (10) above, it can be written as follows:

— = R., - R - R (11)

The procedure is 1llustrated in Figures 11 and 12, where the

experimental values of R are

o ‘OB

two temperatures of operation. The values of R and R which were

Na
held essentially constant during the experiments, are also shown.

W’
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The values of the average boiling heat transfer coefficient hK
obtained from the expefimental values of UOB and equation (10) are
plotted in Figures 13 and 14, As can be seen from the Figures, the
effect of potassium mass velocity is small. The heat transfer coef-
ficient apparently increases with increasing boiling pressure, how-
ever, as the majority of the values presented 1in Figure 13 (17OOOF
boiling temperature) are higher than those presented in Figure 14
(15500F boliling temperature). This same trend of boiling heat
transfer coefficient with pressure was observed in the no-insert

data presented in Reference 4. The scatter in the boiling potassium

resistance becomes large for small resistances (or large heat transfer

coefficients) due to the reduced accuracy in the difference between
two large numbers as the difference becomes small (equation 11).
Assuming only 5% scatter in a measured UOB of 2000 and furthermore

assuming 5% uncertainty in (RN + RW), the uncertainty in hy rises

a
from 15% to 67% as hy increases from 5,000 to 20,000.

The best manner of determining the average boiling temperature
difference, which 1is used in the calculation of UOB as described in
Appendix D has not yet been established. UOB and hK have been cal-
culated for both the arithmetic and logarithmic average boiling
temperature difference. The values calculated for both averages

are presented in Table C-4 of Appendix C; only the values based

on the arithmetic average, however, are plotted.
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Test Planning

A bolling test plan for the 3/4-inch OD boiler tube containing a
heinch pitch (P/D = 6) helical insert is presented following. The
data obtained with the 1l.0-inch OD tube containing 2.0 and 5.5-inch
pitch Inserts have shown that the potassium flow rate has a minor
effect on both the heat transfer and pressure drop results'(e.g.,
see Flgures 9, 10, 13 and 14, For this reason, items 1 and 2 of the
test plan provide that the potassium exit quality will be varied for

only one potassium flow-rate at the two bolling temperatures specified.

Additional data points, as specified by items 3 and 4 of the
plan, will be obtalned to determine under which conditlons the
transition from nucleate to film bollling occurs with the new test

sectione.

300 KW BOILING TEST PLAN

(3/4=1inch OD Tube with 4-inch Pitch Insert)

Sodium Potassium Potassium Exit Approx. No.
Flowrate Flowrate Exit Tempo. Quality of
Item 1b/sec. 1b/sec. OF % Data
1 5 0.1 1700 0=-75 5
>75 5
2 5 0.1 1550 0-75 5
>'75 5
3 1-6 0.1 1550 90 7
h 2 0,05-0,.15 1550 80 15

-17-
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The 100 KW facility is a single loop system used to study heat
transfer to boiling alkali metals at temperatures up to 2000°F,
The radiant heated boiling test section is a vertical section of
3/L~inch, schedule 80, Cb-1%Zr pipe. Thermocouples are attached
along the outer wall of the test section at intervals of approxi-
mately 3-inches. A preboiler, located upstream of and in series
with the test section, controls the quality of the fluid entering

the test section. The working fluid is pofassium.

Status of Loop and Test Section

Modification of the 100 KW loop, as described in Reference 2
was completed and shakedown operation was started during the third
week of Augusts As outlined in Reference 2, the main objective of
this modification was to increase the range and control of test
variables that can be accomplished, In particular, by control of

the power in the new preboiler independent of the test sectlon power,

- L1
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and test section heat flux can be varied independently of each other.
Thus, for example, tests can be made at constant flow and saturation
temperature for various constant heat fluxes over a range of qualities
up to approximately 100%, or as limited by onset of the critical heat

flux condition (film boiling).

-19-
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The loop modification included the following major changes:

l. The previously employed dump tank has been replaced by a new
tank along with associlated piping, and an isolation valve

between the dump tank and loop was added.

2. The Cb-1%Zr piping between the E. M. pump discharge and the
condenser inlet has been removed and replaced with a new
piping system including a preboiler coll upstream of the

new test section.

Further details of the loop modification are contained in

Section V of this report.

Before start-up of the loop, tests were performed to determine the
heat loss from the preboller and test section radiation shield cases.

The results of these tests are presented in Figures 15 and 16.

Several shutdowns were required since the loop was placed in
operation due to: 1) electrical shorts in the test section heater
element; 2) erratic flow signals, and 3) failures of the preboiler
heater element. The electrical short problem was eliminated by
grinding away a portion of the upper tungsten electrode plates to
prevent touching. The flow signal problem was found to be due to
defective joints between the Cb-1%Zr flowmeter wires and the copper

leadout wires. The defective Jjoints were cut out and replaced.

~-20-
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The principal cause of loop shutdown has been due to failures
of the preboiler heater element. Two tantalum sheet heaters have
failed. Although the effective average temperature of these heaters
never exceeded 33“OOF, the failures were apparently caused by local
overheating of the tantalum near the bottom of the heater. A new
heater was then fabricated from 0.006-inch tungsten sheet. Fallure
of this heater wag caused by a sudden surge of power which broke
the brittle tungsten. A new tungsten heater has been fabricated

from coiled ftungsten wire. Due to the flexliblility of the coills,

this heafter will not be as fragile as the tungsten sheet design

‘and should have long life.

A total of 2% stable boiling points were obftained during the
intial shakedown runs, increasing the hours of operation from 3814
to %93%5. The stablility characteristics of the modified loop appear
to be about the same as before modification, based on limited cper-

atlion since modification.

Status of Data Reduction

A new computer program, written to reduce the data from the
modified facility, has been checked out and all boiling data

taken during the present reporting period have been reduced.

-21-




Status of Data Evaluation

Heat Loss Tests. The new preboiler and the test section are

insulated with radiation shields consisting of five concentric
tantalum sheets enclosed in stainless steel caseés. The purpose

of the heat loss tests was to determine the relationship between

the heat loss and temperature of the outer surface of the radiation
cases. These tests were conducted while the loop piping was removed.
Fach radiation case, enclosing its heater, was mounted in its normal
position within the vacuum chamber. With the vacuum chamber evacuated,
power was supplied to the heaters and the corresponding steady state
radlation shield case temperatures were measured. Thils procedure was
repeated at several power levels and since all the power supplied was
lost through the shields, a direct correlation of heat loss as a func-

tion of temperature was obtained.

The temperature of each case was measured at six locations. The
temperature used in the heat loss correlations 1s a weighted average,

A
T, of the six measured valuesi
6 o 4\*
0 2 Ty
T (°F) = -460 (1)

M

where the Ti are the gix measured temperatures 1n degrees Rankine.
The results of the preboiler heat loss test are presented 1in Figure
15 and Figure 16 shows the results of the test section heat loss

calibratione.
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Orifice Calibration Tests. An orifice (0.067-inch hole), located

at the inlet of the preboiler, increases the liquid phase pressure

drop and serves to promote system stability. Pressure taps are loc-

S 3 Vel EE T e B
am and downstream of the orifice. A Taylor absoclute pres-

(¢}

sure transducer is currently on order. This will be installed at the
upstream tap for use in conjunction with measurements of downstream
pressure by thermocouples in the boiling region (saturation pressure)
to enable a check on the E. M. flowmeter to be made, based on the

orifice pressure drop.

In order to use the orifice as a flow metering device, 1ts pres-
sure drop flow characteristics must be known. Water pressure drop
tests as a function of flow rate have been conducted to defermine
this characteristic for the 100 KW loop orifice. The actual loop
piping and orifice were simulated in a water test rig. The water
pressure drop across tThe orificé‘was measured with a mercury mano-
meter and the liquid flow rate determined by the weight of water flow-
ing for a measured time. The results of these ftests are presented in
Figures 17 and 18. Figure 17 is a plot of the measured pressure drop
as a function of water flow rate. These data are replotted in Figure
18 with the orifice flow coefficient as a function of Reynclds number.
The flow coefficient, © , is defined by Reference 6

_ W
Q 2 N 2gop (AP) (2)

where,
W = Flow rate, 1b,/sec
a = Qrifice cross sectional area, ££2
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g6 = Constant = 32.2 Y
lbe-sec

p = Fluid density, b /ft’

AP = Orifice pressure drop, lbf/ft2

Boiling Potassium Data. The results of initial boiling tests

performed in the modified loop during shakedown operation are tab-
ulated in Appendix E; Table E-1. An instrumentation 1list (showing
test section thermocouple locations) along with a table key preceeds

the tabulated data. The ranges of variables covered in these tests

are:
Test Section Heat Flux, Btu/hr—f‘t2 29,300 to 57,100
Test Section Inlet Quality, % 0 to 36
Test Section Outlet Quality, % 14 to 51
Test Section Exit Temperature, Op 1749 to 1827
Mass Velocity, 1lby,/hr-ft2 41,400 to 46,100

The test procedure used for these data was to hold the flow rate,
pressure and heat flux constant while the test section inlet quality
was increased by increasing the power to the preboiler. Testing was
limited by mechanical faillures, described above, and by onset of
system instability at the higher vapor qualities, as manifested by
flow, temperature and dump tank level oscillations. Subsequent to
these tests a preheater was installed upstream of the orifice (see
Section V) for the purpose of extending the range of stable operation

by the method of inducing flashing at the orifice discharge.

-24 -
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Figure 19 is a plot of the local heat transfer coefficient at the
test section outlet as a function of test section exit gquality« The
flow rate and pressure are constant for these data. Two test section
heat fluxes are included. There appears to be a heat flux effect
over the limited range of data taken. Use of the preboller fto con-
trol the test section inlet quality independent of the test section
heat flux allows one to separate the effects of heat flux and quality
as described in Reference 2. Further testing over wilder ranges of

variables should reveal these effects.

Liguid Sodium Data. In Reference 1, seven liquid sodium points,

taken during initial operation of the 100 KW loop, were presented
in graphical form. This data 1s tabulated in Appendlix E, Table E-2.

Test Planning.

The plan for initial boiling runs 1in the 100 KW loop with the
currently installed 3/4-inch smooth tube test section without insert
is presented in Table 1. The flow rate and test section outlet i
temperature will be held constant. A test section heat flux will
be set and preboller power increased to vary test section exit
quality up to near 100% or untill the critical heat flux is reached
in elther the preboller or the test section. Thils procedure wlll be
repeated for different test section heat fluxes and then agaln for

different flow rates and outlet temperatures, grouped as indlcated

in Table 1.
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IV. 50 KW PROJECT

S. G. Sawochka

Status of Loop and Test Section

During this quarter a substantial amount of modification has
been made to the facility. A review of these modifications is
presented in Section V of this report, After installation of the
new helical induction pump in the potassium loop early in July,
some condensing operation was obtained between~Ju1y 21 and July 24.
The test section installed in the facility at that time was the
slotted and brazed 5/8-inch ID section with four wall thermocouples
at each of two locations functioning, Thirty~-four condensing data
points were obtained with this test section. Recurrent plugging
problems in the potassium loop required that the facility be shut
down on July 24, at which time the facility modifications intended
to eliminate plugging problems and to improve loop operating charact-
eristics were begun as discussed in Section V of this report. The
modifications were completed and the new 5/8-inch ID test section with
5 drilled 0.050-inch ID, 9-inch long thermocouple holes at each end
was installed in early September. Approximately 41 condensing data
points were obtained with the new 5/8-inch tube test section without
insert between September 1% and 15 at boiler powers up to 30 KW and
potassium vapor temperatures up to 14500F7 F6llowing completion of

this series of tests the facility was shut down and a twisted ribbon
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insert of pitch/diameter ratio = 6 was installed in the test sectlon.

Testing with this insert 1s expected to begin early in October.

Status of Data Reduction

The condensing da;a that were obtained in July, 1964 were reduced
using the calculational procedures of Reference 7. 1In addition, a
correction was applied to the inlet vapor temperature to provide for
the pressure drop prior to the beginning of the condensing length.
This correction is discussed below. The results are presented 1n
Table F-2 of Appendix F, The previously reported data have also
been corrected for pressure drop prior to the test section active
length, and the results are presented in Tables F-U4 and F-6 of Appen-
dix F. All of the data, corrected on this basils, are presented in
Figures 20 and 21. Additional data, taken in September, are in the
process of being reduced and will be reported in the next Quarterly

Progress Report.

The condensing data that are presented in this report encompass

the following range of variables:

Potassium flowrate, 1lbs/sec .003 to .013
Sodium flowrate, 1lbs/sec 502 to 1.29
Potassium condenser inlet temp, CF 1130 to 1312
Potassium condensing heat transfer

coefficient, Btu/hr-fte OF 6600 to 22,400
Condensing heat flux, Btu/hr-ft° 1.7 to 9.5(10M)
Quality range, % 25 to 87
L/D range -y 1% to 46
Nusselt condensing ratio % (%%—) 2 .0185 to .0625
Film Reynolds number, igl 220 to 2500
Net Power, KW m28- 2.7 to 11,5
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Status of Data Evaluation

Determination of the Potassium Vapor Temperature at the Beginning

of the Condensing Length. The assumption made in earlier data re-

ductions that the measured inlet potassium vapor temperature gives
an accurate value of the potassium temperature at the beginning of
the condensing length was investigated and found to be a source of
serious error in the calculation of the condensing heat transfer
coefficient, due to the pressure drop between the inlet potassium
temperature measuring probe and the beginning of the ftest section
active length. The pressure drop, API, between the end of the probe
and the beginning of the condenser length can be calculated from
Equation 1, which is applicable prior to the beginning of the ftest
section active length since the saturated vapor can be treated as a

single phase fluid.

P G
AP = (1)
I DP Egopg

where f is given by Equation (2) and LP/DP is set by the distance of
the probe, LP, from the test section inlet and the diameter of the
tube, DP’ preceeding the test section.

0.316

£ = 025 (2)

After determination of this pressure drop, the decrease of the potas-
sium saturation temperature, ATKI’ between the probe and the begin-
ning of the condensing length 1s determined from Equation (3).

_ ar
ATKI - API (a"]_i') (3)



The probe potassium inlet femperature was then corrected as shown

in Equation (4),
Tkre = Tgr  -8Tkr (4)

All of the condensing data that has been obtained to date was then
re-evaluated using a corrected potassium inlet vapor temperature as
dlscussed above, and the re-evaluated results are presented in Tables

F-4 and F-6 of Appendix F and in Figures 20 and 21.

A result of this procedure, when applied to the condensling data
of December, 1963, was the elimination of the initially indicated
dependence of the condensing heat transfer coefflcient on potassium
vapor temperature at a constant liquld film Reynolds number. This
dependence had lead to the postulation of a temperature dependent
thermal resistance elither at the liquid-vapor interface or within
the vapor itself. This dependence on temperature is no longer indi-

cated by the recalculated results. However, the possibllity remains

that there is a thermal resistance at the interface which is relatively

independent of temperature level. As is discussed below, this addit-
ional thermal resistance, even if 1t 1s present, will be difficult to
quantitatively determine with the present data due to the inaééuracy

inherent 1in the calculation of the local potassium vapor temperature.

| Analytical Determination of the Potassium Axial Temperature

Distribution. In an effort to determine the possible error in the

condensing heat transfer coefficient associated with the assumption

of a linear potassium temperature profile along the condensing length,

-30-
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the axial pressure distribution was analytically determined for a
slip ratio of unity and a slip ratio equal to JE;7B;] The potassium
temperature was then assumed to correspond directly to the calculated
saturation pressure distribution. It should be noted, however, that
this method does not allow for the possibility of a non-equilibrium
mixture of monomer, dimer, and trimer being present in the potassium

stream. Allowance for this effect is not possible at this time.

The method used was based on an analytical prediction of the
momentum and frictional components of the pressure drop, with the
assumption of a linear axial guality variation. The final expression
for the pressure drop associated with the partial condensation of
saturated vapor to some arbitrary quality x is given by Equation 5.

The derivation of Equation 5 1ls given in Appendlx G, Part 1:

2 ) p p l ?5
G f £ 4
P, -P = N S - 4
1 l-x)K X 1 X
h — = + A - + - =
where X P b 7 X - % (6)

The effect of density head on this relation has been neglected. In
order to present graphically the results for the pressure distribution,
Equation 5 was rearranged to give Equation 7 which is composed only of

dimenslonless groupings.

o/ s S S S ¢ 4 (6)
2 /008, - ol 1-x 2D
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The two-phase friction multiplier, ¢1—x’ 1s given by Equation 8,

as explained in Appendix G, Part 2:

N
'|\

R T S (A R ST

L Ty °
o uL 0.75
-(1 + x K—f— -1)‘ (8)
| g o

Therefore, for any given condensing temperature and 1iduid Reynolds

L 0.75
pe/p, —He/i, Kuf
- K V /“'gg"

0.75

number, the total dimensionless condensing pfeésure drop is given by

evaluating Equation (7). at the condenser exit, for which x = o and,

from Equation (6), P = pr, which obtains Equation (9).
Po o1 | oa-f & (9)

Congequently, for any given condensing tempepature and liquid Reynolds
number, the dimensionless axial pressure distribution for partial con-

densation to some arbitrary quality X is giVen‘by,Equation‘lo.i

£1
Py - Pp. pf/pg"—pf/ﬁ - ¢1-x 2D 1)
P. - p- B T .
0 I‘ ' pf/bg 2 ¢1—o %ﬁ ‘

Assuming as an idealization, for émall changes in pressure, that the
saturation temperature varies linearly with pressure, the relation of
Equation 10 also may be rewritten in terms of potassium saturation

temperature as shown in Equation 11.
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£1
S T St « SR Pe/Py —Pp/sy - P . 5 (11)
Po -F1 Txo~Tk1 Pe/bg -t = L

Therefore, for constant values of the liguid Reynolds number and
condensing temperature, a dimensionless temperature distribution
can be obtained and compared to the linear distribution that has
been assumed during the calculation procedures. The results are
shown in Figure 22 and 23 for a liquid Reynolds number of 2,000

at temperatures of 1100 and ISOOOF for a slip ratio of unity and
for a slip ratio of JE;?E;. The same results are shown 1in Figures
24 and 25 for a liguid Reynolds number of 10,000. Asg can be seen
from Figures 22 through 25, the poftassium axial temperature dis-
tribution, although relatively independent of the liquid Reynolds
number and saturation temperature, is a strong functlon of the
slip occurring during the condensing process, and hence cannot be
calculated with complete accuracy. However, an estimate of the
possible error involved in the evaluation'of the condensing heat
transfer coefficient can be obtained by consldering data run 1,

as presented in Appendix F—M,using the three analagous potassium
axial temperature distributions as shown in Figures 22 through 25,
and evaluating the effect of this change of temperature profile on

the condenging heat trans
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position. This position affords a better comparison to analysis
since a linear variation of quality with length is a more accurate

assumption for the longer condensing length.
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The results of this procedure are presented below:

Method of Obtaining TKB:

TKB h
1. Interpolation between inlet and outlet 1145 18,300
2, Use of P distribution with slip ratio = 1 1140,6-187,000

%3, Use of P distribution with slip ratio =erf7pg 1145.7 15,900

Examination of the wide variation of the condensing heat transfer
coefficient as shown above with the agsumption of various potassium
axial temperature profiles makes it apparent that a serious source
of error may be present in the estimation of the local potassium

saturation temperature.

Test Planning

In the operation with the 5/8-inch ID tube with twisted ribbon
insert, tests are planned to be run at condenser loads of 10, 15,

20, 25, and 30 KW and at inlet wvapor temperatures of 1200, 1300, and
1450°F,

Current plans are to install a tapered solid insert in the
5/8-inch tube at the completion of the twisted ribbon tests. The
tapered insert will form an annular passage for the potassium vapor
that will decrease uniformly from the 5/8-inch ID tube flow area to

that formed by the insertion of a 3/8-inch plug into the 5/8-inch
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ID test section at its exit as pictured below. A similar test
plan as that described above for the twisted ribbon insert will

be followed with thils tapered insert.

V7777777777772

Koy = [ Insert 3/8" 5/8'

7 T A

Tapered Insert
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V. FACILITIES

J, C4 Amos

300 KW Loop

This facility operated 577 hours during this quarter including
398 hours under boiling conditions, completing test runs with the
l-inch tube test boller with 2-inch pitch and 5(5-inch pitch hel-
ical inserts. A boiler bellows fallure occurred at the end of the
5.5=1nch pitch test operation during 1400°F boiling runs. This
L-605, 1l-inch test boller had operated a totél of 1,423 hours
including 632 hours of boiling operation, and the 300 KW loop has
operated a total of 3,424 hours, Immediately following the boller
failure, assembly of a L-605, 3/U-inch tube test boiler with a
4einch pitch insert was started using parts which had previously
been machined for either a 1l-inch tube back up boliler or a 3/U-inch
tube new boiler. This boiller was welded into the loop early in
September. Final instrumentation and insulation were installed and
the loop was being hot flushed at the end of this quarter to remove
the sodium from the potassium system resulting from the bellows
leak. Measurements taken when removing the potassium from the dump
tank indicated that approximately 130 1lbs. more liguid metal was
removed than had originally been transferred to the tank. Chemical

analysis indicated that the potassium contained approximately 38%
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sodium. Analysis of samples from the sodium system showed about
10 PPM potassium indicating that the leak was essentially all from

the sodium side to the poftassium side.

During installation of the new 3/U-inch tube test boiler approxi-
mately 8 KW of electrical preheat in the form of clam shell type
heaters was added to the potassium inlet line to the boilery This
loop modification will minimize the thermal stresses imposed on
the boiler beilows énd extend the test operating range at low potas-
slum flow.conditionsg During this down time a new plug, which has
smaller by-pass flow parts, was installed in the potassium throttling
valve. This higher flow resistance valve will allow operation of the
potassiuﬁ pump at higher head conditions thereby putting more energy
into the 1iéuid to further reduce liquid subcooling at the potassium
inlet to the boiler. Figure 26 shows a 3/4-inch tube test boiler
during assembly and Figure 27 shows the 300 KW test facility as

presently arranged.

100 KW Loop

'Modification of this facility as described in detail in Reference
2 were completed with the exception of the installation of the Taylor
absolute pressure gage which has not been receilved from the vendor,
and operation started during August. Heat loss calibrations of the
preboller and test boller heat shielas had previously been completed
in July and initial loop operation included shake down and thermo-
couple calibration with liquid circulation. The loop operated a
total of 121 hours during.the quarter including 83 hours under boil-
ing conditions. Since initial operation this loop has operated 3935

hours with 1liquid metal in the system.
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During shake down operations minor interruptions were required to
repalr a short clrcult 1n the test section heater and an open flow
meter lead. A major difficulty was encountered with the preboller
The flrgt heater utilizing O
ribbons failed at 18 KW, A second heater of the same design was
installed to allow continuation of testing while a heater constructed
of 0,006-inch tungsten ribbons was designed and fabricated. The
second tantalum heater also falled at approximately 18 KW, The new
tungsten heater cracked during start up, possibly due to a power
surge, A third heater design incorporating tungsten coils used

successfully in earlier preheaters was designed, fabricated,

installed and is being checked out.

In addition to the loop modifications previously described and
shown in Figures 28, 29, 30 and 31, a preheater similar to the one
used in earlier tests has been installed upstream of the orifice to
extend the operating range of the loop. Present arrangement of the

loop is shown in Figure 32.

50 KW Loop

Following installation of a new helical induction pump in the

potassium system, thermocouple calibration runs were completed and

A NI S e AT N AannrvAaradnoe A
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approximately ouv conaensing aa run

uns recorded with th )

e 5/8-inch
nickel test section containing slotted and brazed thermocouple
penetrations. Some plugging difficulties were encountered and
during a hot flushing operation, a leak in the potassium boiller

occurred at one of the immersion heater fittings in the boller wall.
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During the down time required to repair the boiler the following

additional loop modifications were madeg

1. The slotted 5/8-inch test section was replaced with the new

drilled type test section. See Figures 33, 34, and 35,

2. A diffusion cold trap was added to the sodium system 1in the
form of a cold leg installed between the sodium pump and the

dump tank.

3. A by-pass hot trap containing approximately 4 1lbs. of zirconium
was installed in parallel with the test condenser. See Figure
36, This device will allow hot trapping during hot flushing

operatiori, to remove any oxide formed in the loop.

4L, Two types of artificial nucleation sites have been added to the
pot boiler, These are:

(a) Hot fingers, consisting of a l-inch diameter stainless
steel bar containing a 0.050-inch dilameter hole and an
independently controlled electrical heater, were installed
at two locations on opposite sides of the boiler near the
bottom.

(b) Sleeves made of stainless steel l-inch long and 0.062-inch
thick, were installed on each of the four bottom row immer-
sion heaters.

These sleeves will induce local hot spots on the heaters that

should produce nucleation. However, the temperature ls dependent

on the power setting and cannot be independently controlled. They,

therefore, may not be effective at low power settings.
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Following these modifications, condensing data up to 30 KW
boiler power and 145OOF vapor temperature were obtained with
the 5/8—inch drilled type test section during operation in
September. The loop was then shut down, a twisted ribbon insert
was 1nstalled in the test condenser and new test section thermo-
couples were installed for the next series of runs. A 3/8-inch
ID nickel test section is currently being assembled and willl be
available for installation in the loop on completion of 5/8-inch

tube insert tests,

The 50 KW loop operated a total of 190 hours during thils report
quarter including 137 hours of condensing operations. Total oper-
ating time on this loop is 731 hours. The loop, as presently

arranged, is shown in Flgure 37.
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VI, TINSTRUMENTATTON

SR ORI R VAP AT A 5 N o s B R V2 |

W. H, Bennethum

300 KW Loop

During this guarter much effort has been devoted to reinstrumenting'
the boiling test sectlon of the 300 KW facility and to improving the
quality of data generated by the loop by means of extensive prelim-
inary calibration and selection of thermocouples based on callbration
results. The following is a specific discussion of the actual work

accomplished.

During June, 1964, a stressed diaphragm type differential pressure
transducer with provision for in-place calibration was insftalled on
the 300 KW test boiler to measure pressure drop. The installation
is described in Reference 4, Section VI. The transducer, manufact-
ured by Consolidated Controls Corporation, consisted of an Inconel
"X" diaphragm mounted in an Inconel housing. The pressure range for
the transducer is 0 - 50 psi differential and its time response 1s
approximately 2 milliseconds, Movement of the diaphragm is sensed
by a linear variable differential transformer coll mechanically
attached to the transducer and activated by a slug of magnetic
material located within the transducer's low pressure chamber. The
entire assembly was installed in a furnace so that its temperature

could be closely controlled during the test period.
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After the installation of the system into the 300 KW facility,
several full scale calibration runs using inert gas with the trans-
ducer at about BOOOF were conducted to define the output character-
lstlc curve and the zero and span stabllity prior to exposure of
the transducer to alkall metal., These calibrations indicated a
substantial zero shift and a net change in output for a given
change in pressure of about 15% at the 15 psi differential pressure

level.

After a concentrated effort was made to improve the repeatability
of the calibration, with partial success, the transducer was exposed
to potassium for the first time with the boililer operating with the
2—-inch pitch helical insert. At this time the transducer‘butput
indicated a pressure drop compatible with what had been predicted.
However, considerable difficulties were encountered subsequent to
this exposure when attempts were made to re-calibrate the transducer.
These calibrations indicated that the output level for a given dif-
ferential pressure was becoming less and less. By process of elim-
ination thevdifficulty was determined to be caused by a mechanical
problem within the transducer (probably yielding of the diaphragm).
Repair of this transducer will not be attempted, Instead, a replace-
ment transducer, which will have a full range of 15 psi differential
pressure and will be capable of operating at temperatures up to QOOOF,
is being purchased. The replacement transducer is a liquid-filled

differential Statham gage, rated at O to 15 psi differential.
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Although the initial attempt at measuring pressure drop through
the test boliler with a differential pressure transducer was not
successful due to transducer malfunction, the calibration system
did function properly and therefore demonstrated the feasibility
of the technique of calibrating in place during loop operation

without interferring with loop operation.

In-loop pressure measurements during the operating period for
the 6 to 1, pitch to diameter ratio, insert in the l-inch tube
were made with boiler inlet and exit absolute (O - 150 psia) pres-
sure gages. These are slack diaphragm type (Taylor), stainless
steel transducers mounted approximately one foot from the loop
piping system and operated at 1000°F during loop operation by
individually controlled heating circuits. The net shift in cali-
bration during the period of testing with the 6-inch pitch insert,
as obtained from in-place calibrations before and after testing
using inert gas pressurization, amounted to approximately 1 psia

for the inlet gage and 0.5 psia for the exit gage-

Subsequent to determination that the boiler wall shell thermo-
couples were reading significantly low (Ref. 4), a new set was
fabricated and installed in July. This group of thermocouples with
capped, ungrounded junctions was installed in 11 rings of 5 each.
This wire consisted of 0.062-inch Inconel sheath, magnesia insulation
and platinum 10% rhodium-platinum thermocouple elements. The wire
was manufactured by Thermo-Electric Company and passed a standard

homogeneity test. Two thermocouples from each roll (approximately



30 ft. per roll) have been calibrated at the freezing points of
copper, silver, alumina and zinc. The deviation from the standard

calibration was well within the normal ftolerance limits.

The 3/U-inch tube boiler installed during September 1964 was
instrumented in the same manner with thermocouples made from the
same lot of wire as those described above and tested in the same
manner. An insert for the 3/4-inch boiler tube was instrumented
with 7 thermocouples (0.040-inch Inconel sheath, MgO insulation,
chromel-alumel alloy capped, grounded junction), spaced axially
over the heat transfer area (Table 2) and located inside the
1/U-inch OD x 0.049-inch wall center body tube so that they would
not be in direct contact with alkali metal. This insert is ident-
ical to that shown on Drawing No. €119C2845, (Figure 15, Reference
4), except for diameter, pitch and modifications fto the cold end
to permit the use of a compression type packing gland to hold the
thermocouples in place and to serve as a secondary alkali metal
seal instead of the braze type seal originally used. A positive
inert gas pressure will be maintained within the centerbody tube
of this insert to prevent internal oxidation and to serve as a

buffer in case of tube failure during operation.

The 7 thermocouples were calibrated in the freezing point appar-
atus prior to assembly into the insert. Maximum deviation from the
thermocouple scale at the copper point was ~-14,4°F, Average deviation

was -12-30F0
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Following shutdown of the loop in mid-August, one thermocouple
was removed from each of the test section Inlet and exit wells fof
calibration. These thermocouples were made from 0.,032-inch dia-
meter platinum and 10% rhodium-platinum wire installed in a ceramic
insulator with an Inconel or L-605 protective tube over the assembly,
A1l parts were assembled with slip fit tolerances and there was no

swaging or drawing operation after the assembly,

Calibration checks were performed in a freezling polint apparatus.
Results showed that the thermocouples in this group, which had been
installed since the initial operation of the facility, had undergone
a net change in output of 6.50F (maximum) and were reading approxi-
mately 10°F (maximum) less than the International Temperature scale
at the freezing point of copper (1981.9°F). Thermocouples in this
same group, but which had been installed more recently. had changed
calibration by a proportionately lower amount as a function of loop

operating time.

Thermocouples were also removed from the 2-inch pitch helical
insert for calibration checks. These thermocouples were assembled
in 0.040-inch Inco 702 sheath drawn over MgO insulation and con-
sisted of chromel alumel thermocouple elements. There were seven
5 cap
which served as the upper end of the insert. Calibration results
showed a maximum deviation of -12°F from the International Temper-

ature scale at the freezing polnt of aluminum.
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100 KW ILoop

A comparison of the three polyphase wattmeters presently used
on the loop to measure input power to the preboiler and test section
heaters was made using a dummy load capable of dissipating approxi-
mately 3.5 KW across the recently installed 50 KW power supply
(saturable reactor). The three wattmeters included two electro-
dynamic (GE Type P3) units, one of which had been calibrated during
the first week 1n August and an Avtron watt computer system which
was installed as part of the 50 KW supply. All three of these
meters have essentially il% full scale accuracy capability and all
are operated in conjunction with current transformers so that the

current in the measuring circult never exceeds 5 amperes.

The comparison was made by connecting all three meters across
the same load and observing the output at various power levels.
Agreement between the two GE P-3 meters was within 4% up to 3.5 KW
which was within the full scale tolerance band of the meters. How-
ever, the Avtron meter deviated by considerably more than its nominal
accuracy tolerance at all power levels up to the 3.5 KW dummy test
locad 1limit. Therefore, the performance of the Avtron meter was
studied further. Observation of the Avtron meter output at the
power levels used for normal loop operation indicated much closer
agreement with the P-3 meter than was noticed at lower power settings
with the dummy load. For example, at 12,42 actual KW (P3) the Avtron
was in error by 3.87% which is within the full scale accuracy toler-

ance of the instrument. At 3.3 KW, the Avtron unit was off by 57%.
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Poor performance at low power seems to be a characteristic of the

instrument. Attempts are being made to define the minimum power
measuring levels of the instrument with the vendor. In the mean-
he load permanently and is

used to determine actual power levels.

The liquid level probe in the recently installed dump tank of
the 100 KW facility was calibrated during initial filling of the
loop. This is a "J" type probe, the sheath of which acts like a
resistance being shorted by alkall metal. The measured parameter
is voltage drop between the probe tip and the alkalli metal level
which is essentially at ground potential, The calibratlon was
performed by welghing individual charges of potassium as the dump
tank was filled. The sensitivity of the measuring system was
3.55 millivolts per inch change in level with 5 amperes through

the probe sheath.

50 KW Loop

A new set of thermocouples was installed in the new 5/8—1nch

diameter drilled test section. These were 0,032-inch and 0.062-inch

diameter Inco 702 sheathed, chromel alumel thermocouples with MgO
insulation and capped grounded junctions. The 04032-inch thermo-
couples are used in the 0.050-1lnch diameter holes in v
the nickel test piece and in the wells at the potassium inlet and

outlet, The 0.062-inch thermocouples are used in the wells at the

sodium inlet and outlet, where space i1s availlable for these larger

~49~



thermocouples. Integral reference Jjunctions were provided within

each thermocouple assembly to eliminate any errors caused by inter-
mediate lead wire. Wire homogeneity was checked following instal-
lation. Although all of the thermocouples passed the homogenelty
test, in place calibration on the loop indicated that the differ-
ences between the thermocouples were significantly larger than had
been experienced in the preceding batch. There are several possible
causes for this problem. One cause might be that, due to the nature
of the configuration of the thermocouple assembly and the length of
immersion in the test section wall, the homogeneity test performed
following thermocouple installation was not effective nor sufficiently
sensitive. Therefore, any damage during the thermocouple installation
(which is an extremely difficult process) would not necessarily be
apparent in the post-installation homogenelty teste. Another possible
cause for the large differences in thermocouple calibrations might be
the fact that the thermocouples came from two separate batches of
wire. Two batches of wires were used because of previous instal-
lation difficulties when it was discovered that thermocouples from

one batch were slightly over-size and would not fit in all locations.

For this reason, it was decided to install another set of thermo-
couples, all from one batch of wire, to eliminate a major factor in
the inconsistency between thermocouples. This was done using a set
of thermocouples which had been intended for the 3/8-inch drilled
test section. The results of in place calibrations are not yet
available so it is not possible to define the net galn achileved by

replacing the mixed batch of thermocouples.
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VII. MATERTIALS SUPPORT

We R. Young

500 KW Loop

Loop Maintenance. The Type 316 stainless steel dump line valve

4in the secondary (potassium) loop of the 300 KW facility was replaced
with a new Type 316 stainless steel valve, The valve was butt welded
to the L-605 pipe and tank boss using L-605 filler wire. Also, a
Type 316 stainless steel bellows assembly was installed in the L-605
alloy throttle valve of the secondary loop. The bellows flanges

were welded to the L-605 valve plug and valve body.

The second helical insert with a 5.5-inch plitch was installed
in the 1.0-inch OD test section. The 2-inch pitch insert ﬁas cut
at the top cap on the boller test section and removed. The new
helical insert was then positioned and welded to the top of the

boiler test section.

Single Tube Test Section., A O0.75-inch OD by 0.040-1inch wall,

L-605 alloy tube was incorporated into a new single tube boiller
test section, The design and fabrication of thls test sectilon
were the same as those employed previously, Installation of this

test section in the 300 KW facility was completed.
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A new helical swirl insert, having a pitch to diameter ratio of
six, was fabricated. The design of this insert was modified slightly
to provide a mechanical rather than brazed seal for the insert thermo-
couples. This change was made to facilitate thermocouple installation.

The completed helical swirl insert was then installed in the facility.

Fabrication Studies. The bending of thin wall L-605 tubing sult-

able for the hockey stick boller design proved satisfactory. A
piece of 0.75-inch diameter O.Old-inch wall tubing, bent 90° to a
2¢b=~inch radius by draw bending, was checked for wall reduction.
The ftube wall decreased 0.005-inch in thickness on the outside of
the bend during forming. This was considered acceptable for future

boiler designs.

Joining of boller tubes to headers by welding the tube to a header
boss from the inslde was discussed with the Baldwin-Lima-Hamilton
Corporation, This type of welding is accomplished automatically by
the tungsten arc process through rotation of an electrode inserted
inside the Jjoint through the header (Ref. 8). Crevice free joints
that were radilographed for soundness have been produced in stainless
steel heat exchangers by the B-L-H Corporation using thils process.
The feasibllity studies of this process as applied to fabrication of

L-605 alloy boilers have been deferred until component design studies

are completed,
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100 KW Loop

The fabrication of the new 3/4-inch schedule 80 Cb-1%Zr alloy
boiler and preheater coll sections of the 100 KW loop was completed.
The new sectlon was assembled in the Laboratory., All weldlng was
conducted in a high purity helium atmosphere using the vacuum~purged
welding chamber. All weldments were post-weld annealed at 2200°F

for one hour.

The new section was 1lnstalled in the facllity with two field
welds. One field weld was located in the 3/4-inch pipe at the top
of the condenser coll; the other was located in the 3/8-inch pipe
adjacent to the EM pump. After welding, the Joints were annealed
at 2200°F for one hour to minimize aging embrittlement during loop

operation.

The fabrication of helical swirl inserts required for future
100 KW loop tests also proceeded. Orders were placed for machining
required to produce the first helical swirl, which has a pifch-to-

diameter ratio of six.

50 KW Loop

A new test section containing drilled thermocouple holes in the
0.625~inch inside diameter nickel tube was fabricated, The Type
%16 stainless steel tubes were successfully vacuum brazed at each
end of the nickel tube without plugging of the thermocouple holes,
four of which were located radially about 0.08-inch from the brazed
joints. The Type 316 stainless steel jacket and bellows were then

assembled on the test sectilon.
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The slotted thermocouple grooves of the 0.625-inch inside
diameter test section were not brazed successfully. Thermal
gradients in the vacuum furnace caused the braze alloy %o flow
profusely to one end and resulted in voids along the slots.
Further work on this section was discontinued pending test

evaluation of the drilled type test section.

The 50 KW boiller was rebullt after a leak developed at oﬁe
of the electrical heaters. The old heaters were removed and
replaced. Four nucleation sites (hot fingers) were added to
the bottom row of heaters and two other nucleation sites were
welded to the boller shell. The boiler was then installed in
the facility along with the 0.625-inch test section containing

drilled thermocouple holes.

The new 0.375-inch test section containing drilled thermo-~
couple holes 1is currently being assembled. Type 316 stainless
steel fubes were successfully vacuum brazed at each end of the
nickel tube. Welding of the Type 316 stainless jacket and

bellows will be completed during the next report period.

Pool Boiling Apparatus

The pool boiling apparatus developed a small leak between the
vacuum chamber surrounding the heater and the liquid metal boiling
chamber. The leak is located in the AS-514 (V-35Cb) braze between

the Cb-1%Zr alloy sleeve and the Mo-0.5Ti alloy heater plate.
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The heater had been inadvertently run in an atmosphere of
nitrogen rather than in vacuum or inert gas required for oper-
ation. The resulting contamination was most severe in the
vanadium base brazing alloy and undoubtedly was the cause of
the leakage found. The Cb-1%Zr sleeve was also severely con-
taminated as evidenced by complete embrittlement of foil attach-

menté to the sleeve.

The repair of this apparatus to produce material conditions
equiﬁalent to the as-built structure would require complete
replacement of the heater, Cb-1%Zr sleeve, and bimetallic joint
attachment to the L-605 alloy containment vessel. Héwever, an
attempt can be made to replace the Joint between the heater and
Cob~-1%Zr alloy sleeve by rebrazing with an alloy having a brazing
temperature near 2200°F, This lower temperature 1s required to
avold overheating the original bimetallic Joint which was brazed

at 2150°F.
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VIIT. ANALYSIS

G. L, Converse

In previous Quarterly Reports the analytical task has been
concerned largely with problems of two-phase pressure drop. For
example, in Quarterly Progress Report 6 (Ref. 7) the acceleration
and elevation components of the two-phase pressure drop were
analyzed, while in Quarterly Progress Report 8 (Ref. 4) the fric-
tional component of the pressure drop was considered. Some success
has been obtained with the simple homogeneous model described in
References 4 and 7. Figures 21 and 22 of Reference 4 and Figures
9 and 10 of the present Quarterly Report give some indication of
the accuracy which can be expected with this model. Although the
work on two-phase pressure drop is by no means complete, it was
felt that the degree of success obtained in the pressure drop
prediction warranted the extension of the analytical effort into
other areas. The areas of most immediate concern would seem to be
the prediction of heat ftransfer coefficients in the nucleate,
transition, and film boiling regimes, and the problem of overall

loop stability.

Analytical Task Initiated During the Current Quarterly Period

Analytical work has been initiated in the above areas. The

immediate effort concerns itself with the following task:
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1. The prediction of boiling inception, i.e., the wall
superheat required to produce nucleation.
2. The prediction of slip and void fractions.

3. The prediction of critical flow.

Preliminary results will be made available in Quarterly Progress
Report No. 10. A brief discussion of each task inciuding the method

of approach and current status is included below.

The Prediction of Boiling Inception. The problem of bolling

inception 1s intimately connected both to the problems of predicting
the heat transfer coefficient and to the problem of overall loop
stability. In order to predict the nucleate boiling heat transfer
coefficient, it 1s necessary to ascertain the method of wvapor gen-
eration. For example, vapor may be generated by nucleation (i.e.,
bubble formation of the wall) or by evaporation at the liguid vapor
interface. Both mechanisms have been observed (Ref. 9). It is
evident that the latter mechanism cannot be present until an inter-

face 1s available, and, therefore, that the first vapors must be

formed by nucleation. If the superheat required to produce nucleation

1s high enough, a relatively large amount of vapor may be generated
resulting in a sudden "explosion'" of liguid into vapor and a corres-
ponding pressure surge in the loop. The above mechanism has been

postulated as a possible cause of loop instability (see for example,

Ref. 10).
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In order to predict the wall superheat required for nucleation,
the method proposed by Rohsenow and Bergles (Ref. 11) will be util-
ized. This method has met with some success when applied to water

(Ref. 11) and Freon (Ref. 9).

The Prediction of Slip and Void Fraction. A knowledge of the

slip and void fraction is essential, both in order to obtaln a
precise prediction of two-phase pressure drop and in order to
predict the loop ftransfer functions. The latter would be a pre-
requlsite to any attempt to analyze the transient and/or unstable

behavior of the loop.

The momentum exchange model of Levy (Ref. 12) will be utilized

to generate working curves of slip and void fractions.

The Prediction of Critical Flow. Critical flow models have been

proposed by Levy (Ref. 13) and Fauske (Ref. 14) among otherd. A
computer program has been written utilizing the NRL properties
(Ref. 3) to yield these results. The program is working and

results will be included in Quarterly Progress Report No. 10.

Results Obtained During the Current Quarterly Period

In addition to the above task the data from the 300 KW facllity
given in Table A-2 of Appendix A in the present report was analyzed
in an effort to ascertain the feasibility of determining the static
pressure by use of thermocouples in conjunction with the saturation
curve. This procedure could be useful in determining the local pres-
sure distribution in the 300 KW boiler in those tests in which the
centerline temperatures are measured along the length of the boiler.
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The above procedure could be successful if the liquid and vapor

phases of the mixture are at the saturation temperature corresponding

to the static pressure. It 1s unlikely that any such simple situation

exists; however, 1f the degree of superheating or subcooling of the

phases with respect to the static pressure is small, and the rate of

change of temperature with pressure along the saturation curve 1is

large, an accurate determination may still be possible.

In this sectlon simultaneous measurements of static pressure
(Table A-2 of Appendix A of this report) and temperature obtained
from the 300 KW facility will be analyzed in order to ascerﬁain if
thermocouples provide a reasonably accurate method of determining
the static pressure of the mixture. The data utilized encompass

the following range of variables:

Quality (%) 2.1 to 97.4
Temperature (°F) 1486  to 1762
Mass velocity in 1bs/sec-ft2 15.63 %o 170.9

Test Geometry. The geometry of the test is shown in Figure 38.

A helical insert with a 2-inch pitch was inserted in an 0.922-inch
ID tube. The center body of the helix consisted of a 1/4-inch OD
hollow tube with a 0,049-inch wall thickness. ' Seven chromel-alumel

thermocouples were located in the tubular center body which was

filled with argon under a slight positive pressure. About 2z-inches

upstream of the uppermost thermocouple, an absolute pressure gage

was located,
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Accuracy of the Test. The pressure gage has a full scale readilng

of 150 psia. The manufacturer's specification indicates an accuracy
of 1% of full scale or about 13 psi. In order to improve the accur-

~ £
acy i

o] he test, the gage was carefully callbrated both before and
after the test. The results of the calibrations are shown in Fig-
ure 39. All points taken during the calibration can be included
within an error band of + 0.5 psi. This 1s taken to be the accuracy

of the gage. Past experience on the 300 KW facility has indicated

that the thermocouples are accurate within about 1°F,

Test Results. Figure LO shows a pressure versus temperature plot

obtained by plotting the measured temperature against the measured
pressures. The saturation curves obtained by Battelle (Ref. 14)
and NRL (Ref. 3) are shown on the same figure. In Figure 41, the
pressure predicted from the thermocouple (by use of the saturation
curve from Reference 3) has been plotted against the pressure mea-
sured by the gage. The maximum deviation from a 450 line 1s about

+ 0.6 psi to -0.95 psi.

In an effort to determine whether the thermocouple was reading
static or total (i.e., recovery) pressure, Figures 42 and 43 were
constructed. In Figure 42 the difference between total and static
pressure has been plotted against vaper velocity for several temper-
atures. In order to construct these curves, potassium vapor was
treated as a perfect gas. In Figure 43 the difference in the pres-
sure obtained from the thermocouple reading and that indicated by

the gage has been plotted against the superficial vapor velocity.
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If the pressure obtained from the thermocouple reading was the
total pressure, a trend somewhat similar to that of Figure 42
would be expected. Although the accuracy of the test is not
sufficient to permit any final conclusion to be drawn, the data
appear to indicaté that the pressure obtained from the thermo-

couple reading is most likely the static pressure.

Conclusion. It is concluded that within the accuracy of the

test, thermocouples can be used to obtain static pressure when

the configuration of Figure 38 1s employed.
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IX. ©POOL BOILING HEAT TRANSFER INVESTIGATION

Development of a leak in the pool boiling test apparatus
prevented accomplishment of any experimental work this quarter.
Further discussion of this is given in Section VII, Materials

Support.
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Figure 2, Temperature Profiles from 300 KW Facility (2-inch Pitch
Insert)., Data Obtained at 2300 hours on 5/26/64.
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Integrated Two-Phase Frictional Pressure Drop Multiplier,APTPF
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